In this paper, a two-hop decode-and-forward cognitive radio system with deployed interference alignment is considered. The relay node is energy-constrained and scavenges the energy from the interference signals. In the literature, there are two main energy harvesting protocols, namely, time-switching relaying and power-splitting relaying. We first demonstrate how to design the beamforming matrices for the considered primary and secondary networks. Then, the system capacity under perfect and imperfect channel state information scenarios, considering different portions of time-switching and power-splitting protocols, is estimated.
I. INTRODUCTION C OGNITIVE radio (CR) is a promising paradigm that can resolve the problem of the spectrum scarcity [1] . Cognitive radio network (CRN) consists of primary users (PUs), who are licensed users of the spectrum, and secondary users (SUs), who can access the spectrum only when they do not cause harmful interference to PUs [2] . SUs can access the licensed spectrum by three paradigms such as interweave, underlay and overlay [2] . Interference alignment (IA) is a very powerful technique potential to provide higher degrees of freedom (DoFs) which means interference-free signaling dimensions at receivers [3] [4] [5] [6] [7] . The promising performance of IA can be also attained in CR by suppressing interference at PUs. By using this technique, SUs easily coexist with primary networks (PNs) by achieving higher data rates and not causing harmful interference to PUs [8] . Many previous studies introduced the impact of IA on the performance of the underlay CR [9] [10] [11] . A multiple-input multiple-output (MIMO) CRN with cooperative relay was presented in [12] , where DoFs for the network was increased by using IA. The authors in [13] and [14] introduced energy-harvesting (EH) as a promising technology to prolong the life-time of battery-powered wireless devices. There are two main EH architectures such as time-switching (TS) and power-splitting (PS) protocols [15] . In [16] , the authors proposed a common framework to jointly study IA and simultaneous wireless information and power transfer (SWIPT) in MIMO networks, where the users were dynamically chosen as EH terminals to improve the performance of wireless power transfer (WPT) and information transmission. The work in [17] considered a spectrum sensing policy for the EH-based CR to ensure that SUs can harvest the energy from the PUs signals in the TS mode. In [18] , the same system was investigated with the optimal information and energy cooperation methods between SUs and PUs, where SUs harvest energy from PUs, then use that energy to transmit their own and PUs' signals.
Both [17] and [18] assumed that all nodes in CR have a perfect channel state information (CSI), however, in practice it is more common to deal with imperfect CSI due to channel estimation errors [19] .
Unlike the existing studies and to the best of our knowledge, no work has been addressed to jointly study these three important areas, namely, CRN, WPT and IA. Therefore, this work focuses on studying the underlay IA-based CRN where an energy-restricted relay node operates in the time-switching relaying (TSR) and power-splitting relaying (PSR) modes. The performance of primary receivers and the EH-based relay of the secondary network (SN) under interference environment is analyzed. Interference at the PUs and the relay is cancelled by the well-known IA technique. The network capacity for these protocols is evaluated with different settings of TS/PS portions and under various CSI scenarios.
II. SYSTEM MODEL
We consider a system model consisting of two pairs of PUs and three SUs. Within the PN, each transmitter communicates to its corresponding receiver and causes interference to another primary receiver and secondary relay node. It is assumed that there is no temperature constraint at the SUs which may imply ... Furthermore, D is assumed to be located far from PUs and does not receive any interference. Each node of the network is assumed to be deployed with multiple antennas as shown in Fig.1 , where solid lines indicate the direct channels while the dotted lines denote the interfering links. We also assume that the channels remain constant during a transmission block time T , but vary independently from one block to another.
Channel links between nodes are defined as follows. For the PN case, H
denotes the channel between receiver jth (R j ) and transmitter ith (T i ), where superscript k indicates a certain time period (TP) when the data transmission occurs. N j and M i are the numbers of antennas at R j and T i , respectively. For the SN case, H R,S and H D,R denote the channel links related to the S-R and R-D transmissions while the inter-network channels are given by variance. Also, note that each channel link is characterized by the corresponding distance and path-loss exponent denoted by d m,n and τ m,n , ∀m ∈ {1, 2, R, D}, ∀n ∈ A = {1, 2, S, R}, respectively. Moreover, a global CSI is also assumed.
We assume that the SN and PN nodes exploit the IA technique to mitigate the interference at R and R i , respectively. Thus, any transmit node l with power P l utilizes a transmit BF matrix
where f l is the number of the transmitted data streams. At the same time, all receive nodes (except D) exploit the receive BF matrix U t ∈ C Nt×ft , ∀t ∈ {1, 2, R}, where f t is the number of data streams to be decoded at the corresponding receiver. For simplicity, we assume that each node is deployed with N antennas (
The primary receivers, within two TPs, obtain the following signal
interference from SN
whereñ
j is the effective zero-mean additive white Gaussian noise (AWGN) vector at the output of the beamformer, with E{ñ
, where E{·} denotes an expectation operator. Since we assume that s l is the vector containing the symbols drawn from i.i.d. Gaussian input signalling and chosen from a desired constellation, we have E{s l s H l } = I, with l ∈ A. Meeting all these conditions satisfies the average power constraint at each transmit node. Regarding the SN, its interference to PN can be defined as
During the S-R transmission, the received signal at R can be written as
whereñ R = U H R n R is the effective noise after receive beamforming at the relay.
Then, R decodes the desired signal s S and forwards the information signal to D. Hence, D receives the following signal
where n D is the AWGN noise vector, with
The interference is assumed to be completely eliminated if the following conditions are satisfied at R j as [20] , [21] 
and at R as
A. Beamforming Design
The existing interfering signals need to be orthogonalized to U [1] j and U [2] j at R j during two TPs to satisfy conditions (5) . Then, the interference at R needs to be orthogonalized to U R , as R receives the interference only during the S-R transmission. To decode the desired signal from the received signal, the interference space should be linearly independent from the desired signal space. Thus, the precoding matrices need to be designed in such a way that all interference in each receiver span to each others. Thereby, the interference at R 1 , R 2 and R, in the first TP, can be spanned as span(H
2 ), where span(A) denotes the vector space spanned by the column vectors of A. From these definitions, precoding matrices V
and V S can be derived as [22] 
where
2,1 ; eig (A) are the eigenvectors of A. Now, we derive the corresponding receive BF matrices as
During the R-D transmission, S stays silent while R establishes its own communication. Therefore, it is clear that the BF matrices design follows the same steps given by (7)- (8), and hence they are omitted for the sake of brevity.
B. Imperfect CSI
The model for imperfect CSI can be written as [4] , [23] 
whereĤ is the observed mismatched channel, H ∼ CN (0, I) represents the real channel matrix and E is the error matrix which represents an inaccuracy degree in the estimated CSI. It is also assumed that E is independent of H. Considering the nominal signal-to-noise ratio (SNR), θ, E is described as
where λ is an error variance, κ ≥ 0 and ψ > 0 determine various CSI scenarios. Finally, the real channel matrix, conditioning onĤ, [24] , can be described as
whereH ∼ CN (0, λ 1+λ I) is independent ofĤ.
III. TIME-SWITCHING RELAYING
The time used for the S-D information transmission is given by T , and the time fraction devoted for EH purposes is given by αT , with 0 ≤ α ≤ 1. The remaining time (1−α)T is formed by two equal time phases to support the S-R and R-D transmissions [15] . At the same time, the PN adopts its one-hop transmission policy according to the SN time frame architecture as follows. The first data transmission occurs during the (1 + α)T /2 time because within this TP the network transmission is performed by the primary transmitters and the source node only. The remaining time (1 − α)T /2 is dedicated for the second PN transmission when the source node is replaced by the relay in the network transmission.
Hence, the received signal at R during the EH phase can be written as
Now, neglecting the power harvested from the noise, the harvested energy at R is derived as [15] 
where · denotes the Euclidean norm.
The relay transmit power relates to the harvested energy as P
T SR R = E

T SR H
/((1 − α)T /2) and can be further rewritten as
where η (0 < η < 1) is the EH conversion efficiency.
During the S-R information transmission, taking into account imperfect CSI given by (11) and receive BF matrices, the information signal at the relay can be written as
After some manipulation, the corresponding signal-to-interference-noise ratio (SINR) at R can be expressed
i || 2 indicates the interference from the PN, and σ 2 n R stands for the noise power.
Since it is assumed that the PN does not interfere the destination node, the signal received at D can be written as
Then, the respective received SINR at D is calculated as
where σ 2 D is the noise power. Finally, the received SINR for the primary receivers R j is derived as
i =j is the intra-network interference of the PN due to the CSI mismatch while the inter-network interference from the SN is expressed by
IV. POWER-SPLITTING RELAYING
The PSR protocol exploits the time T divided into two equal parts to support the S-R and R-D information transmissions [25] . In the first TP, R utilizes a portion of the received signal power for EH purposes, ρ, while the rest of the power, (1 − ρ), is dedicated for the S-R data transmission [26] . Thus,
i s i +ñ R . (24) the relay utilizes the energy harvested from the received signal given by
By assuming that the received signal y EH R at R is used only for WPT and the noise power is neglected, the instantaneous harvested energy can be expressed as [15] 
where 0 < ρ < 1 is the signal power portion dedicated for EH purposes. The relay transmit power as a function of the harvested energy is given by P P SR R
= 2E
P SR H /T , and it can be then written as [15] 
Using (11), the same signal, but with the power portion of (1 − ρ) and with the receive BF matrix U R applied, can be received at the information decoder terminal as shown in (24) at the top of the next page. Now, by using (24), the SINR of the S-R link can be derived as
i || 2 denotes the interference from the PN.
Then, the corresponding SINR at D is calculated as
where σ 2 D is the noise power.
Finally, the SINR of the primary users can be calculated as
V. ERGODIC CAPACITY For the PN receivers, the general derivation of the instantaneous capacity can be written as [27] 
where γ j is the instantaneous SINR at R j . Regarding the SN operating in the DF mode, the end-to-end capacity at D is related to the weakest link of the S-R and R-D transmissions and can be written as [28] 
where γ R and γ D denote the instantaneous SINR at R and D, respectively. Now, we derive an expression for the capacity of the TSR-based system. Using (16) , (18) and (30), the capacity of the destination node can be written as
Regarding the PN, the capacity of R j can be written as
, when k = 1,
, otherwise, with k ∈ {1, 2}.
Using (25), (26) and (30), the capacity of the destination node for the PSR-based system can be written as
Regarding the PN, the capacity of R j can be written using (27) as
We evaluate the capacity of the optimized TSR and PSR-based systems as a function of SNR. To begin with, we find the optimal values of α and ρ given by α * and ρ * with η = 0.8 for the corresponding TSR and PSR protocols by solving the following dC D /dα = 0 and dC D /dρ = 0.
VI. SIMULATION RESULTS
In this section, we present numerical examples for the capacity expressions derived above. The adopted system parameters are as follows: the channel distances and path loss exponents are identical and given by d = 3 m and τ = 2.7, respectively; the EH conversion efficiency η = 0.8; the fixed transmit powers are assumed to be equal (P 1 = P 2 = P S ). The calculated optimal EH time fraction α and power-splitting factor ρ are taken as 0.19 and 0.75, accordingly. Finally, the values of (κ, ψ) such as (1.5, 15), (1, 10), (0, 0.001) are considered to describe various CSI mismatch scenarios. bit/s/Hz, respectively. Hence, it is obvious that the CSI mismatch severely degrades the performance of the PUs which can be explained by the higher level of the interference due to the number of the transmitting nodes. In general, the capacity of the destination node of the PSR-based system always outperforms the capacity of the TSR protocol even the former relaying method experiences worse performance degradation than the latter one. When κ = 0, it can be noticed that the capacity demonstrates a poor performance in the low SNR region. On the other side, the dependence on the SNR results in the capacity growth when For the case of the PSR-based system, no sufficient portion of power allocated for EH will consequently result in poor capacity. At the other extreme, being ρ too large which results in too much unnecessarily harvested energy at the cost of the power level of the received signal leading to poor capacity. Similarly, this justification applies to α in the TSR-based system.
VII. CONCLUSION
In this paper, we analyzed the capacity of different wireless powered IA-based DF CRN considering the EH protocols, namely, TSR and PSR. The three special scenarios of the imperfect CSI given by (1.5, 15), (1, 10) , (0, 0.001) were studied to analyse the impact of the CSI quality on the system capacity.
The presented results demonstrated that an optimal selection of the power splitting factor in the PSR protocol and the EH time factor in the TSR protocol were found to be important in achieving the best performance.
Finally, the optimized PSR-based system was shown to have the best performance over the optimized TSR system.
